This study investigated the effect of powder preheating temperature on the properties of titanium coating layers made through the kinetic spray process. Specifically, kinetic sprayed coating layers were made under three different conditions with regard to powder preheating temperatures: no preheating, 500°C, and 800°C in manufacturing processes. Titanium coating layers using pure powder feedstock were made regardless of the powder preheating temperature without any change in phase. The porosity and hardness values of the coating layers were as follows: 3.3%, 281 Hv under the no preheating condition; 2.6%, 232 Hv under 500°C preheating, and; 0.4%, 224 Hv under 800°C preheating. As the powder preheating temperature increased, porosity decreased remarkably, and hardness increased; thus enabling the formation of denser coating layer. Note, however, that the thin oxide on the interface of the deposited particles increased as the powder preheating temperatures increased. The optimum process condition for manufacturing pure titanium coating layer was also discussed.
Introduction
Titanium materials have excellent chemical and mechanical properties such as high specific strength and excellent corrosion resistance. The range of their application is being expanded to diverse areas such as the aerospace industry, car industry, seawater-resistant materials, petrochemical industry, energy industry, biomedical materials, and sporting goods. 14) Note, however, that the prices of titanium raw materials are high, their shaping methods are limited to rolling and forging at high temperatures due to the characteristics of their HCP (hexagonal closed packed) structure, and they require additional post-heat treatment. 5) Furthermore, due to the high oxygen affinity of titanium, special control is necessary such as vacuum and arcs 6) in the casting process. Accordingly, titanium materials have the disadvantage of being much more expensive compared to aluminum alloys or stainless steels.
Recently, thermal spray coating technologies with fewer limitations in terms of forming shapes, and atmosphere environments have been drawing attention as new titanium material manufacturing processes. Among them, kinetic spraying is a new manufacturing process for accelerating the speed of powder materials whose particle sizes range from 1 to 50 µm to supersonic jet speeds to have them collide with the matrix (Fig. 1 ) so that dense coating layers are formed in solid phase utilizing the plastic deformation of the powder materials. 7, 8) Kinetic spray process is known to be able to laminate thermally sensitive materials such as nano powder and amorphous powder, and is suitable for the manufacture of Ti, Cu material coating layers, which are highly reactive to oxygen.
911)
Kinetic spray processes major variables include powderrelated factors such as powder shapes, particle size distribution, and oxygen content and process factors such as gas pressure, gas temperature, powder preheating temperature, powder feed rate, and nozzle shape. These factors affect coating properties such as deposition efficiency, hardness, and porosity of coating layer. 12) Recently, studies have been actively conducted to obtain titanium coating layers with superior properties by utilizing such advantages of kinetic spraying. The results of a study wherein coating layers were made using warm spray process to improve coating properties were also reported; 13) another study attempted the manufacture of high-density coating layers using helium gas instead of the existing nitrogen gas as powder feeding gas during kinetic spraying. 14) Authors have also once tried to manufacture titanium coating layers with good properties by using kinetic spray processes and considering factor variables such as powder shape and nozzle shape. 15) These researchers have conducted a study to manufacture Cu, Ni materials through kinetic spray process at different powder preheating temperatures and showed that coating layer properties such as deposition efficiency, porosity, and hardness could be improved by appropriately controlling powder preheating temperatures. 16) Although this powder preheating control is considered effective for the manufacturing of excellent Ti coating layer, no study has been conducted yet on the properties of kinetic-sprayed Ti coating layers in relation to powder preheating temperature. Therefore, in this study, the effect of powder preheating temperature on the microstructures and properties of titanium coating layers manufactured through kinetic spray process was examined. In addition, methods of manufacturing kinetic-sprayed Ti coating layers with excellent properties were discussed.
Experimental Procedure
The powder stocks used in this study were pure commercial titanium powders (Raymor Co., CP Ti 325), known to have been manufactured by the plasma atomization process. Figure 2 shows the shape of the titanium powders (a), the microstructure of an etched cross section (b), and the particle size distribution of the powders (c). To obtain the microstructure of the cross section, the powders were mounted, ground using diamond paste, etched using 85% distilled water + 10% HF + 5% HNO 3 solution, and observed through an optical microscope. The pure titanium powders showed spherical shape, and their particle sizes were distributed in the range of 380 µm (average particle size: 32 µm). The results of the cross-sectional microstructure showed dense structures without pores as well as irregular sizes and shapes of inner grains in the powder. Table 1 presents the analysis results of the chemical compositions of titanium powders by using wet analysis method. The powder contained impurities such as Fe (0.03%) and O (0.14%) and had purity of 99.6%.
Preliminary experiments for the manufacturing coating layer were conducted through kinetic spray process using the aforementioned powder; based on the results, appropriate process parameters for manufacturing titanium coating layers at different powder preheating temperatures (Table 2) were suggested. During kinetic spraying, nitrogen (N 2 ) was used as spray gas, with the gas temperature and spray distance fixed at 600°C and 30 mm, respectively. Powder preheating temperatures were set to three conditions: no preheating, which is room temperature; 500°C, and; 800°C. Pure aluminum was used as substrate material, and coating layers were made without blasting on the substrate.
An optical microscope was used first to observe the surfaces of the individual manufactured coating layers. As for coating layer thicknesses, the coating layers were cut and mounted, the cross sections were ground to the level of #2000 using SIC paper, the thicknesses of the layers were measured for a total of 10 times using an image analyzer, and the average values were used. X-ray diffraction analysis (D/ MAX 2000 Rigaku) was conducted to analyze the phases of the coating layers. To examine the microstructures, the coating layers whose cross sections were etched were observed through a scanning electron microscope (SEM). Oxygen distributions in the manufactured titanium coating layers were observed using an Electron Probe Macro Analyzer (EPMA). Furthermore, the oxidation states on the surfaces of the coating layers were analyzed using an X-ray Photoelectron Spectrometer (XPS). To observe the changes in the physical properties of the coating layers, porosity analyses and hardness tests were conducted. In particular, to measure porosity, various sections of the coating layers were photographed at a magnification of 200 using an Optical Microscope (OM); porosity was measured for a total of 20 times per specimen using an Image Analyzer, with the average values used. The hardness of the powder and the manufactured coating layers was measured using a micro hardness tester (HM-122). Load of 100 g and pressing time of 10 s were used as measurement conditions. The hardness values were measured 10 times, and average values were obtained from the measured values excluding the minimum and maximum values. The hardness of grade #2 bulk Ti coldworked plate was also measured as a reference material. Figure 3 shows a photo of a pure titanium coating layer made under the spraying conditions presented in Table 2 . The kinetic sprayed titanium coating layers were manufactured without blasting or preheating of substrate and were approximately 1.9 mm thick. Figure 4 presents the results of an XRD analysis conducted to examine the changes in the phases of the initial powder and the manufactured titanium coating layers. The results indicate that the same ¡-titanium phase peaks as those of the initial powder appeared on the coating layers manufactured through kinetic spray process at different powder preheating temperatures without the formation of any new phase. These results suggest that the kinetic spray process is suitable for titanium coating layer manufacturing without the formation of any new phase in relation to powder preheating temperatures during the process. Figure 5 shows the inside of the pure titanium coating layers as observed using an optical microscope (no etched). Figure 5 (a) is a photo of coating layer deposited without any preheating. In the case of the no preheating condition, large pores could be easily seen in the coating layer. Figure 5(b) is photo of coating layer deposited after preheating the powder at 500°C. The pores were found to be smaller compared to those in the case of no preheating, and many pores distributed In the case of no preheating, powder particles in the somewhat spherical shapes as those of the initial powder were observed throughout the coating layers; in the case of 500°C, traces of deformation of deposited powder particles were noted. In the case of 800°C, traces of severe deformation of laminated powder particles were found throughout the coating layers but few pores between powder particles. As observed in Fig. 6 , in the case of kinetic spray process, as powder preheating temperature increased, the degree of deformation of powder particles increased, and the degree of depression on the surface of the substrate material decreased when the powder was firstly deposited on the substrate. Pore sizes decreased as powder preheating temperature increased. This can be attributed to the fact that, when powder particles were laminated at higher powder preheating temperatures, the ductility of the powder particles increased so that the shapes of the particle changed and the pores between the particles decreased accordingly (peening effect). 17) These results suggest that pure titanium coating layers with low porosity can be manufactured using kinetic spray process.
Results and Discussions
Changes in the porosity (a) and Vickers hardness (b) of the pure titanium coating layers in relation to powder preheating temperatures are shown in Fig. 7 . First, in the case of porosity, the porosity values under 500 and 800°C were found to be 2.6 and 0.4%, respectively; these were relatively lower compared to the value under the no preheating condition (3.3%). Porosity under 800°C was very low at 0.4%. The hardness of kinetic sprayed coating layer generally increases (compared to that of feedstock powder) because the binding force between powder particles increases during the spray process. 18, 19) The hardness values may also increase because of the work hardening phenomenon; this means that, when materials are plastic-deformed, resistance to deformation increases so that the materials become harder than the materials that are not deformed. In this experiment, the hardness value of the initial powder was found to be 225 Hv based on the measurement; the hardness values of the manufactured coating layers were 281 Hv under no preheating, 232 Hv under 500°C, and 224 Hv under 800°C. Whereas grade #2 Ti commercial plate (reference material) shows hardness values of approximately 167 Hv, the manufactured coating layers record much higher hardness values. Note, however, that slightly lower hardness values were obtained under 800°C compared to the initial powder, and hardness values approximately 7.0 HV higher than the initial powder under 500°C were noted. Much higher values were found in the case of no preheating. This can be attributed to the work hardening phenomenon resulting from the relatively severer plastic deformation in powder particles under low temperatures compared to that under 500 and 800°C. Figure 8 shows photos of the microstructures observed through a scanning electron microscope. (a), (b), and (c) are photos of the inside of the titanium coating layers made under the no preheating condition, 500°C, and 800°C as observed at a magnification of 1000. The surface of powder particles in the coating layers made under the no preheating condition was found to be rough. Twins resulting from deformation were observed in the powder particles when the inside was viewed at a high magnification (Fig. 8(a) ). If Ti with HCP structures is deformed quickly at low temperatures, twins are known to be formed easily. 20) Kinetic spray process is a technology for depositing solid phase powder on the substrate metal at high speeds and relatively low temperatures so that twins are formed due to severe plastic deformation. In the case of the 800°C conditions, twins were not formed because the powder was laminated at relatively high temperatures compared to the no preheating condition. Unlike the no preheating condition, the 500°C condition showed smooth surfaces of powder particles along with thin layers between particles. In the 800°C condition, thin layers between particles were observed more clearly. Figure 9 shows the results of an element analysis conducted using EPMA to check the components of the thin layers between powder particles identified inside the coating layers. Based on observation, oxygen bands formed between powder particles could be seen in the coating layers made under 800°C (c); similar oxygen bands could be seen in the coating layers made under 500°C, albeit at a smaller quantity. The results of EPMA of the coating layers made under the no preheating condition (a) showed few oxygen bands between powder particles. Note, however, that oxygen distributed around pores as a defect in the coating layers could be observed in general. Figure 10 presents the results of an analysis of the surfaces of 800°C coating layers using photoelectron spectroscope. Through the analysis, the existence of C 1s, Ti 2p, and O 1s peaks could be verified. Among the XPS wide spectra results, the O 1s peak spectra were subjected to Gaussian curve fitting to analyze their detailed chemical binding. The results showed Ti and O binding (530.2 eV) and C and O binding (531.7 eV). 21, 22) The C and O binding was considered to be surface impurities, and the Ti and O binding could be identified as titanium oxide through an analysis of the thin boundary interface between particles as shown in Fig. 8 . The titanium oxide phase was considered not detected in the XRD because the XRD analyzed the local areas. The oxides between powder particles appeared at 800 and 500°C as observed and analyzed; as shown in Figs. 8 10, they were formed during the kinetic spray process. It can be easily predicted that the amount of oxides formed will increase as the powder preheating temperatures increase. The oxides formed between particles during the aforementioned processes were considered to reduce the purity of the coating layers.
Based on the aforementioned results, the effects of powder preheating temperatures during kinetic spray process on coating layer properties were examined. Excellent pure titanium coating layers could be manufactured through powder preheating. Powder preheating during kinetic spray process was assumed to increase the ductility of materials to facilitate the plastic deformation of powder particles during lamination, so that coating properties such as deposition efficiency, and porosity improved (lower porosity). If powder preheating temperatures became too high, however, the purity of coating layers could decrease due to the oxidation of materials between powder particles after deposition. Coating layers with excellent coating properties can be manufactured if pure titanium coating layers are made using optimum powder preheating temperature conditions during kinetic spray process. 
Conclusion
In this study, titanium coating layers were made using kinetic spray coating process, and process conditions in relation to powder preheating were drawn and presented. The following conclusions were obtained:
(1) Pure titanium coating layers were manufactured using kinetic spray coating process at different powder preheating temperatures. As a result, ³1.9 mm thick titanium coating layers could be manufactured, with the same pure titanium phase as that of the initial powder appearing without the formation of any new phase.
(2) Porosity and hardness values were found to be 3.3%, 281 Hv under no preheating, 2.8%, 232 Hv under 500°C, and 0.4%, 224 Hv under 800°C. As powder preheating temperature increased, porosity decreased rapidly, and hardness values decreased as well. (3) As powder preheating temperature increased, the ductility of the powder increased. Likewise, due to the deformation of powder particles and peening effect, pores between particles disappeared, and porosity decreased greatly. With regard to hardness, when powder preheating temperatures were lower, particles deposited at high speeds and at low temperatures were plastic-deformed more severely. In particular, the no preheating condition showed high hardness values due to the formation of additional twins. (4) Based on EPMA and XPS observations, as powder preheating temperatures increased, oxides were formed between powder particles. To improve the purity and properties of titanium coating layers, appropriately controlled powder preheating temperature conditions should be established.
